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ABSTRACT
The mode switching phenomenon of PSR J0614+2229 was studied by using the
archived observations at 686, 1369 and 3100 MHz with the Parkes radio telescope which
have not been published before, and combining existing observations from the literature.
Over a wide frequency range from 327 to 3100 MHz, the pulsar switches between one
mode occurring earlier in pulse phase (mode A) and the other mode appearing later
in phase (mode B), with a generally stable phase offset between their profile peaks.
The two modes are found to be different in the following aspects. (1) Mode A has
a flatter spectrum than mode B, with a difference in the spectral index of about 0.5.
This accounts for the phenomenon that the flux ratio between the modes A and B
increases with frequency, and mode A becomes stronger than mode B above ∼ 500
MHz. (2) For mode B, the flux density of the subintegrated profile is anticorrelated
with the emission phase, indicating that the emission from earlier phases is relatively
stronger than that from later phases; such an anticorrelation is not observed in mode
Corresponding author: H. G. Wang
hgwang@gzhu.edu.cn
2 Y. R. Zhang et al.
A. (3) The frequency dependence of the FWHM of the two modes are opposite each
other; namely, the FWHM of mode A increases with frequency, while that of mode B
decreases with frequency. A possible interpretation is suggested that the longitudinal
spectral variation across the two beams may be opposite each other.
Keywords: stars: neutron — pulsars: general — pulsars: individual : PSR J0614+2229
1. INTRODUCTION
PSR J0614+2229 (B0611+22), with a period
of 0.33 s and a characteristic age of 90,000 yr,
is a young pulsar discovered by Davies et al.
(1972). Observations in 1970s revealed that it
had high timing noise (Helfand et al. 1980). Its
profile variability at 430 MHz was studied by
Ferguson & Boriakoff (1980, hereafter FB80),
who found that the pulse peaks of short inte-
grations (in minutes) vary in phase by as much
as ∼2 milliseconds (∼2◦), and suggested that
a brighter pulse might come at a later phase.
Those authors suspected that the profile varia-
tion might be caused by mode switching. This
conjecture was confirmed by a later study at
the same frequency (Nowakowski 1992). It was
found that the pulsar switches between two
emission modes, of which the average profiles
are of Gaussian shape but with different width,
brightness, and pulse phase. In particular, the
mode that peaks at a later phase (hereafter
mode B) appeared to be stronger than the other
mode that peaked at an earlier phase (hereafter
mode A).
Recent studies at multiple frequencies have re-
vealed new features of the mode switching of
this pulsar. Seymour et al. (2014, hereafter
SLR14) found that while the emission of mode
A is steady, the intensity of mode B is largely
enhanced at 327 MHz, and appears to system-
atically decay from pulse to pulse. Mode B
is regarded as a bursting mode at 327 MHz,
but at 1400 MHz the two modes show com-
parable intensities. Besides the brightness, the
pulse width and phase also vary with frequency.
Unlike FB80, SLR14 did not find any sub-
pulse drifting in either the modes. Using the
Low-Frequency Array (LOFAR), Arecibo and
Green Bank Telescopes, Rajwade et al. (2016,
hereafter RSL+16) observed this pulsar for a
much longer time, revealing that the bursts
have a rough periodicity of ∼2500 pulse pe-
riods (∼14 minutes). Simultaneous observa-
tions at 150/327 MHz and 150/820 MHz showed
that the bursts are correlated at 327 and 150
MHz while anticorrelated at 820 and 150 MHz;
namely, mode B is stronger (enhanced by the
bursting emission) at both 150 and 327 MHz,
while mode A becomes stronger at 820 MHz.
RSL+16 suggested that this might be caused
by different spectral indices of the two modes.
From the above results, there seems to be an
intriguing frequency dependence of the relative
brightness between the two modes. First, mode
A is much weaker than mode B at 150-327 MHz;
then the ratio between modes A and B keeps
increasing, leading mode A to surpass mode B
at 820 MHz. However, this tendency is reversed,
and mode B becomes comparable with mode
A at 1.4 GHz. This unusual behavior requires
further investigation at higher frequencies.
In this paper, by using the archived data ob-
served with the Parkes radio telescope in the
10, 20, and 50 cm bands and collecting the rel-
evant results at other frequencies from the lit-
erature, we focus on the frequency dependence
of pulse width, brightness and phase offset be-
tween the two modes over a decade of frequency
range from ∼0.3 to ∼3 GHz. Among the three
bands, the 10 and 50 cm bands have not been
used to publish the mode switching of this pul-
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sar before. Details of observations are given in
Section 2. Results are presented in Section 3.
The implication of our result to the emission
beam is discussed in Section 4. Conclusions and
discussions are presented in Section 5.
2. OBSERVATIONS
The archived data of this pulsar since 2005 are
available from the Parkes pulsar data archive
(Hobbs et al. 2011). Although this pulsar has
been observed with the Parkes radio telescope
many times, most observations are for the pur-
pose of timing and only last for a few minutes,
which can barely record a mode switching. For-
tunately, we found a 50-min simultaneous ob-
servation in both the 50 and 10 cm bands with
a dual frequency receiver system and an 18-min
observation in the 20 cm band with the H-OH
receiver, which can be used to analyze the fre-
quency dependence of the moding behavior of
this pulsar. These two observations were carried
out on 2005 October 15 and 24, respectively.
The data were recorded with a wide-band cor-
relator (WBCORR) at all the three frequencies.
Table 1 summarizes the ID of the observations
used in this paper, the MJD, the receiver, the
observational frequency, the band width (∆ν),
the band width of each channel (∆νch), the in-
tegration time of each subintegration (Tsub), the
number of subintegrations (Nsub), and the num-
ber of bins in each profile (Nbin).
All of the data were reduced with the PSRCHIVE
pulsar data analysis system1 (Hotan et al.
2004). The radio frequency interference (RFI)
was removed with the PSRCHIVE program paz
by median filtering and the edge channels with
little signal were zero weighted in the frequency
domain. The removal of the RFI contaminating
a considerable fraction of the lower frequency
channels results in a weighted frequency of 686
MHz in the 50 cm band, while for the 10 and
1 http://psrchive.sourceforge.net/
20 cm bands with little RFI, the central fre-
quencies of 3100 and 1368 MHz are taken. The
flux densities were calibrated from the radio
source Hydra A (van Straten et al. 2012). The
reduced datasets are then used in the following
analysis2.
3. RESULTS
The grayscale plots of the subintegration pro-
files at three frequencies are shown in Fig. 1.
Modes A and B can be easily identified ac-
cording to their phase offset. From the pan-
els of 686 and 3100 MHz, one can see that the
mode switching occurs simultaneously at these
two frequencies. It is noticed that mode A is
brighter than mode B at all the three frequen-
cies, and the difference becomes more obvious
at higher frequencies. This is consistent with
the observation of RSL+16 at 820 MHz, but
contrary to all other multiband observations in
which the burst pulses usually appear in B mode
(see FB80; Nowakowski 1992; RSL+16; SLR14
for details). It seems that mode A has a flatter
spectrum than mode B. Below, we perform a
quantitative analysis on the spectra of the two
modes. Besides, Figs. 5 and 6 in SLR14 show
that the pulse width of mode B decreases with
frequency, and the stronger pulses of mode B
tend to appear at earlier phases at both 327
MHz and 1.4 GHz. In the following, these ten-
dencies are also studied quantitatively.
3.1. Spectral difference between the two modes
To obtain the integrated profiles of the two
modes for each dataset, firstly we divided the
subintegrations into two groups according to
their phases. Most subintegrations can be eas-
2 The software Python (https://www.python.org/)
with packages NumPy (http://www.numpy.org/),
pandas (http://pandas.pydata.org/), SciPy
(https://www.scipy.org/), Matplotlib
(https://matplotlib.org/) and Uncertainties
(http://pythonhosted.org/uncertainties/) were used in
the analysis.
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Table 1. Summary of Parkes observations
ID MJD Receiver ν ∆ν ∆νch Tsub Nsub Nbin
(d) (MHz) (MHz) (MHz) (s)
2005a 53658.80926 5010CM 686 256 0.125 59.6209 51 1024
2005b 53667.80810 H-OH 1369 256 0.125 59.9563 18 1024
2005c 53658.80926 1050CM 3100 1024 1.0 59.6209 51 1024
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Figure 1. Grayscale plots of the subintegration sequences and the mean-pulse profiles for the Parkes obser-
vations. Each subintegration is 1 min. The sequences at 686 and 3100 MHz were observed simultaneously.
The mean pulse profiles were manually aligned by placing the peaks at the phase 180◦.
ily identified, except for those during which the
switching occurred so that they consist of pulses
of the two modes. Therefore, this kind of subin-
tegrations were removed. As pointed out by
other authors, the integrated pulse profile is well
described by a Gaussian (Weisberg et al. 1999;
SLR14). We also found this for both of the
modes at all the three frequencies, except that
at 686 MHz the profiles deviate slightly from
the Gaussian shape near the profile peaks of the
two modes and at the trailing edge of the mode
A profile. The best-fit Gaussians are presented
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in Fig. 2. The subintegrations were separated
into mode A and mode B, and then superposed
to form the mean pulse profiles for both of the
modes. The obtained profiles and the best-fit
Gaussians, together with the mean-pulse pro-
files of total emission, are shown at the bottom
of each panel in Fig. 2.
The flux densities were measured with the
PSRCHIVE programs paas and psrflux , and are
listed in Table 2, where IT, IA and IB represent
the total flux, the fluxes of modes A and B, re-
spectively, and IA/IB is the flux ratio between
the two modes. Fluxes at 327 and 820 MHz
were also measured for both of modes by using
the published profiles in RSL+16. It is obvi-
ous that the flux ratio IA/IB is an increasing
function of the frequency, with a best-fit power-
law relationship to be IA/IB = 1.42(5)ν
0.47(5),
as shown by Fig. 3. This strongly suggests that
mode A has a flatter spectrum than mode B.
The difference can be seen directly from the
spectra of the two modes by using their inten-
sities at 686, 1369, and 3100 MHz, as shown in
Fig. 4. Obviously, mode A (solid symbols) has
a flatter spectrum than mode B (open symbols).
Employing power-law fitting to the spectra, the
difference in the spectral indices of the two
modes is measured as 0.48(1), which is well con-
sistent with the above result of 0.47(5). The two
power laws intersect at ∼ 500 MHz, which could
be regarded as a transition frequency through
which mode A becomes stronger than mode B.
This is consistent with the observations that
mode A was weaker than mode B at 430 MHz
(FB80; Nowakowski 1992).
For the datasets of RSL+16, IA and IB were
only available at two frequencies (327 and 820
MHz). The number of data points is not enough
to perform a least-square fitting, but they can
be used to check the tendency. Comparing with
the Parkes data set, in spite of the opposite sign
of the slope rate, the data here do show two sim-
ilarities, i.e. a flatter spectrum for mode A and
a transition frequency close to ∼ 500 MHz. As
for the positive sign, it could be attributed to a
turnover spectrum suggested by RSL+16, who
used four flux measurements between 300 MHz
and 1.4 GHz by combining with their own ob-
servations at 327 MHz and 820 MHz and the
historical published data at the other two fre-
quencies. We have collected a number of flux
data (IT) over a much wider frequency range
from the literature, which are listed in Table 2
and plotted in the right panel of Fig. 4. The
spectrum simply follows a power law with the
best-fit spectral index of -1.69±0.03, and the
turnover is no longer seen when using a large
sample of flux measurements.
A factor that needs to be checked is whether
refractive and diffractive interstellar scintil-
lation may affect the flux and spectral esti-
mates. It is known that refractive scintilla-
tion (Gupta et al. 1994) has a timescale of
the order of days and diffractive scintillation
(Lewandowski et al. 2011) can be of the order
of minutes. RSL+16 has excluded the effect of
both kinds of scintillation on their flux estimates
by comparing with the scintillation timescales
with the total integration time. In this paper,
the observation at 1369 MHz was carried out
nine days later than those at 686/3100 MHz,
which requires a check for refractive scintilla-
tion. In Table 2, the flux estimates with 1σ
errors by JSK+18 were obtained via long-term
statistics at 728, 1382 and 3100 MHz. Our flux
estimates are generally consistent with those of
JSK+18, indicating that refractive scintillation
may not dramatically modulate the flux. As to
the diffractive scintillation, because this pulsar
has a large DM (∼ 96 pc cm−3), the estimated
scintillation bandwidths are 2 kHz, 46 kHz, and
1.5 MHz for the observing frequencies 686, 1400,
and 3100 MHz, respectively, by using the equa-
tions in Section 2.3 in Dai et al. (2017). These
scintillation bandwidths are much smaller than
6 Y. R. Zhang et al.
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Figure 2. Best-fit Gaussians for the sub-integrated pulse profiles at three frequencies. The peak intensities
of the Gaussian profiles are multiplied by the same factor at each frequency. The dashed and dashed-dotted
curves stand for the profiles of modes A (earlier in peak phase) and B (later in peak phase), while the gray
dotted curves are the removed profiles. The bottom panels show both the original mean-pulse profiles (gray
solid lines) and the best-fit Gaussians (dashed and dashed-dotted lines) for modes A and B. The average
pulse profiles of total emission are also shown by the solid black lines.
the observed bandwidths. Hence, we could ne-
glect the effect of diffractive scintillation.
3.2. Frequency dependence of phase offset and
pulse width
Using the best-fit Gaussians for the mean-
pulse profiles of the two modes, we measured
the FWHM (W50) and the phase offset between
the two peaks (∆µ). Unlike the profiles at 1369
and 3100 MHz, the profiles of the two modes
at 686 MHz slightly deviate from the Gaussian
shape around the peak. Therefore, the peak
offset (∆Φ) is also measured by using the orig-
inal profiles at this frequency, which is larger
than the value measured with the best-fit Gaus-
sian profiles, but with a large uncertainty due
to low signal-to-noise ratio. We also measured
∆Φ and W50 for the original profiles (not best-
fit Gaussians) at 327 and 1400 MHz published
by SLR14 and profiles at 327 and 820 MHz pub-
lished by RSL+16 (∆Φ). FB80 did not publish
profiles for separated modes at 430 MHz, but
they gave the peak offsets for a couple of pro-
files integrated over 4.5 minutes each, among
which the largest is 2.◦15. This offset could be
regarded as a good approximation for the real
one, because in most of the subintegrations the
emission should be entirely in mode A or mode
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Table 2. Flux densities of modes A and B in different observations
UT MJD Telescope ν IT IA IB IA/IB Ref.
(d) (MHz) (mJy) (mJy) (mJy)
2005 Oct 15 53658.80926 Parkes 686 6.59(2) 6.85(5) 6.03(4) 1.14(8) 2005a
2005 Oct 24 53667.80810 Parkes 1369 2.30(1) 2.68(2) 1.42(2) 1.88(13) 2005b
2005 Oct 15 53658.80926 Parkes 3100 0.564(5) 0.785(8) 0.369(6) 2.13(23) 2005c
2014 Apr 9 56756 LOFAR 150 88(44) – – – RSL+16
2014 Apr 9 56756 Arecibo 327 13.8(8) 11.1(1) 13.1(3) 0.85(2) RSL+16
2014 Apr 9 56756 Green Bank 820 16.1(1.7) 18.7(1.9) 16.4(2) 1.14(12) RSL+16
2016 Jan 4 57391 LOFAR 150 75(32) – – – GKK+17
2007-2016 – Parkes 728 8.8(8) – – – JSK+18
2007-2016 – Parkes 1382 3.3(2) – – – JSK+18
2007-2016 – Parkes 3100 0.76(6) – – – JSK+18
Note—The values in brackets stand for the errors in the last digits. The fluxes of this work were obtained
with the PSRCHIVE program paas and psrflux. The LOFAR data observed in 2016 is the weighted mean
of two fitted flux densities of the Cycle 5 observation given in the paper. As for the others, the data were
adopted directly from the literature or estimated by fitting Gaussian function to the flux-calibrated profiles
published in the literature. References: RSL+16 (Rajwade et al. 2016), GKK+17 (Geyer et al. 2017), and
JSK+18 (Jankowski et al. 2018).
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Figure 3. Frequency dependence of the flux ratio
IA/IB between modes A and B.
B, respectively. The results of ∆Φ, ∆µ andW50
are listed in Table 3 and plotted in Fig. 5.
The left panel of Fig. 5 presents scattering of
the phase offset versus frequency. At 686 MHz,
Table 3. Phase offset and FWHM of the two modes
ν ∆Φ ∆µ W50,A W50,B Ref.
(MHz) (deg.) (deg.) (deg.) (deg.)
686 2.81(16) 1.44(14) 6.46(15) 6.24(15) 2005a
1369 – 1.94(13) 7.34(12) 6.24(13) 2005b
3100 – 1.86(17) 7.12(14) 6.06(15) 2005c
430 2.15(16) – 5.15(16) 4.73(16) FB80
327 1.59(54) – 6.23(54) 7.26(54) SLR14
1400 2.27(54) – 7.66(54) 6.33(54) SLR14
327 1.52(32) – 5.80(32) 6.84(32) RSL+16
820 1.63(16) – 6.98(16) 6.30(16) RSL+16
Note—The errors in the brackets were estimated by consid-
ering both the sampling interval and the dispersion smearing
due to the finite channel bandwidth. ∆Φ and ∆µ are the
phase offsets between the peaks of the original pulse profiles
and of the best-fit Gaussians.
as the ∆Φ estimate is almost double the ∆µ es-
timate, and considering the profile skewness and
8 Y. R. Zhang et al.
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relatively low signal-to-noise ratio of the profiles
of the two modes, we cannot exclude the pos-
sibility that ∆Φ is an overestimation and that
the ∆µ is an underestimation of the true phase
offset. Therefore, we use an averaged value
(2.13 ± 0.21) of them, and plot it in the panel.
The plot does not show a regular frequency de-
pendence for the phase offset. The offsets are
scattering within a range from 1.52 to 2.27, with
a weighted mean value of 1.91 ± 0.07. The av-
eraged value (2.13 ± 0.21) of the ∆Φ and ∆µ
for 686 MHz was used in the above calculation,
and the ∆µ value may be an underestimation,
due to the profile skewness. It suggests that the
separation between the beam centers of the two
modes is generally stable in the frequency range
between 327 and 3100 MHz. The right panel of
Fig. 5 shows an intriguing phenomenon that
modes A and B have the opposite trends in the
frequency dependence of pulse width, i.e. the
pulse width of mode A generally increases with
frequency, while that of mode B generally de-
creases with frequency. The difference mainly
manifests in the low-frequency range between
∼300 and ∼700 MHz. This difference suggests
that the broadening of pulse width of mode B
at low frequencies, e.g. 327 MHz, is not mainly
caused by interstellar scattering, but should be
attributed to the intrinsic broadening.
A well-known empirical relationship, W50 =
Aνα+B (Thorsett 1991; Mitra & Rankin 2002;
Chen & Wang 2014), called the Thorsett rela-
tionship, was employed to fit the data, except
for the two data points at 430 MHz, because
the published profiles in the earliest phase and
the latest phase are not purely of modes A and
B (FB80). The best-fit relationships of modes
A and B are W50,A = −0.4(3)ν−1.3(5) + 7.4(2)
andW50,B = 0.1(1)ν
−2.0(1.5)+6.1(1) deg, respec-
tively. The two curves intersect at a frequency
of about 500 MHz, meaning that the profile
of mode A becomes wider than that of mode
B above this frequency. Interestingly, combin-
ing the result here with that in subsection 3.1,
both the inversions of the relative brightness
and the relative pulse broadness between the
two modes occur at very similar transition fre-
quencies ∼ 500 MHz. However, noting that the
FWHM of the profile in later phases is smaller
than that of the profile in earlier phases at 430
MHz, we are aware that a small uncertainty may
exist in the transition frequency.
3.3. Correlation between the peak amplitude
and phase for mode B
From the Gaussian fit to the sub-integrated
profiles of modes A and B, we obtained the best-
fit parameters for each profile, i.e. the ampli-
tude A and the phase µ of the profile peak and
pulse width σ. The FWHM is then calculated
by the equation FWHM=2
√
2 ln 2σ.
The distributions of µ are shown in panels
(d) of Fig. 6 for the three frequencies, in
which the two modes are clearly separated into
two groups, with mode A in earlier phases and
mode B in later phases. Two vertical dashed
lines were plotted to represent the average peak
phases for the two modes.
Panels (b) of Fig. 6 display the peak ampli-
tude versus peak phase. Mode A is quite scat-
tered, but mode B clearly shows an anticorre-
lation at 686 and 3100 MHz, which indicates
that subintegration pulses are weaker when oc-
curring at later phases. This correlation is also
visible in the figures of time series of A and µ
in SLR14 at 327 and 1400 MHz, although the
authors did not conduct a quantitative analysis
on this. Unfortunately, lacking enough subinte-
grations, no correlation can be confirmed here
at 1.4 GHz.
Despite the scattered distribution of the
FWHM (see panels (c)), the flux density of
subintegration also follows an anticorrelation
with µ at 686 MHz and 3100 MHz for mode
B, as shown by panels (a). The simultaneous
observation at these two frequencies enables us
10 Y. R. Zhang et al.
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Figure 6. Distributions of (a) the flux, (b) the peak amplitude, and (c) the FWHM of the best-fit Gaussians
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to examine whether the spectrum varies with
the pulse phase that mode B occurs.
4. IMPLICATION TO SPECTRAL
PROPERTIES OF THE EMISSION
BEAMS
The above differences in the frequency-
dependent behaviors of intensity and pulse
width probably imply a significant difference
in the distributions of spectral index across the
emission beams of the two modes. A direct way
to probe this is to measure the spectral index
across the pulse phase. However, such a study
requires observations on the phase-aligned mul-
tifrequency profiles, which have not been carried
out before3. Therefore, in this paper, we tried
to infer the spectral properties of the beam
3 RSL+16 did show phase-aligned pulse tracks in Fig.
5 for two simultaneous observations at 327/150MHz and
820/150 MHz, separately, but 327 and 820 MHz are not
observed simultaneously, and in Fig. 6 the profiles at
327 and 820 MHz are not phase aligned.
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by the behaviors of intensity, pulse width, and
phase offset.
For the sake of convenience, we first plot a
schematic diagram of the emission beams of
two modes on the basis of the fan-beam model
(Dyks et al. 2010; Wang et al. 2014). Assum-
ing that the relativistic charged particles flow-
ing out along a magnetic flux tube may generate
wide-band radio emission, Wang et al. (2014)
demonstrated that the resultant beam could be
elongated in latitude, as shown schematically
by the beam shape and the corresponding flux
tube rooted on the light area in the polar cap in
the left panel of Fig. 7. The two shaded beams
represent mode A (in black) and mode B (in
red), respectively, with the mode A beam being
swept by the line of sight (LOS) earlier than the
mode B beam. Here, the boundary of a shaded
beam does not mean a cutoff of the emission,
but represents a certain intensity level relative
to the peak intensity in the beam, e.g. 5%.
The sweeping of the LOS produces multifre-
quency pulse profiles. To illustrate how the
frequency dependence of pulse profiles relates
to the spectral variation in the emission beam
(along the direction of LOS), a simulation of
spectral-index distributions and the resultant
pulse profiles at 300 MHz (black), 1.5 GHz
(red), and 3 GHz (blue) are presented in the
right panel of Fig. 7, with sub panels (A)
and (B) for modes A and B, respectively. The
variation of FWHM versus frequency is plot-
ted in the inset, with the solid dots for mode
A and the open circles for mode B. It is shown
that the increasing trend of frequency depen-
dence of the pulse width can arise from a type
of inner-steep-outer-flat spectrum; namely, the
spectrum becomes steeper from the edge to the
center. On the contrary, a type of inner-flat-
outer-steep spectrum can result in the decreas-
ing trend of frequency dependence. This is con-
sistent with a similar simulation carried out by
Chen & Wang (2014) to explain two opposite
types of frequency dependence of pulse width
(see Figure 11 of that paper). As the slight
variation in the phase offset between the pulse
peaks of the two modes probably suggest that
the peak phases of the multifrequency profiles
may be slightly different for either of the mode,
we have set the flattest and steepest spectra to
be slightly offset from the central phase (Φ = 0).
The resultant shift of the peak can be seen from
the simulated profiles at different frequencies,
but this does not change the general frequency
dependence of the pulse width, as long as the
spectral index follows the forms displayed in the
plot.
To summarize, the differences in the frequency-
dependent behaviors of intensity and pulse
width are very likely to be caused by two oppo-
site types of spectral-index variation across the
beam (in the longitudinal direction) for modes
A and B.
5. CONCLUSION AND DISCUSSION
It is known that the emission of the young
pulsar PSR J0614+2229 switches between two
modes that are offset in pulse phase and differ
in intensity. In this paper, the frequency depen-
dence of emission properties, i.e. the intensity,
pulse width, and phase offset are studied in de-
tails for the two modes by using multifrequency
data that are both observed with the Parkes ra-
dio telescope and collected from the literature.
Within a wide frequency range from 327 to 3100
MHz, the phase offset between the profile peaks
of the two modes is roughly stable at most fre-
quencies, with an average value of 1.95 ± 0.◦08.
Our analysis offers the following findings on the
difference between the two modes.
(1) The mode occurring earlier in pulse phase
(mode A) has a flatter spectrum than that oc-
curring later in phase (mode B), with a differ-
ence in the spectral indices of ∼ 0.5. Mode A
is weaker than mode B at low frequencies, but
due to the spectral difference, it surpasses mode
B at ∼500 MHz.
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Figure 7. Left: schematic diagram of the emission beam of the two modes based on the fan-beam model.
Right: simulated spectral-index (α) variations across the pulse phase and the resultant frequency evolution
of pulse profile at 300 MHz (black), 1.5 GHz (red), and 3.0 GHz (blue). The pulse profile and the shape
of the spectral-index variation are both assumed to be Gaussian. The resultant frequency dependences of
pulse width were plotted in the inset for modes A (solid circles) and B (open circles).
(2) Modes A and B follow different types
of frequency dependence of pulse width. The
FWHM of mode A increases with frequency,
while that of mode B decreases with frequency.
Our simulation suggests that two opposite types
of spectral variation across the beam along the
LOS can account for the difference in the fre-
quency dependence of pulse width; namely, the
spectrum becomes steeper from the edge to the
center for mode A, while the opposite is true for
mode B.
(3) For mode B, the peak amplitude and the
flux density of subintegrated profile are anticor-
related with the phase of the pulse peak, in-
dicating that the emission at earlier phases is
relatively stronger. This anticorrelation is not
seen in mode A.
The bursting emission at 327 MHz was dis-
covered by SLR14, which is stronger than the
other mode and show systematically decaying
structure in intensity. It was once puzzling that
the bursting emission occurs earlier in pulse
phase at 820 MHz, but later in phase at 327
MHz (RSL+16). In fact, as found in this pa-
per, the relatively stable phase offset between
the two modes can exclude the possibility that
the bursting emission translates from the trail-
ing to the leading part of the beam as the fre-
quency increases. Therefore, the change of rel-
ative brightness between the two modes can be
well explained by the difference in their spectral
indices. As for the frequency dependence of the
decay behavior of the bursts, i.e. less notice-
able for mode B but more noticeable for mode
A at higher frequencies, it may be related to
the evolution of the spectral index during the
bursting period. In this paper, there is a sign
that sometimes, e.g. in the 46th subintegration
at 686 MHz, mode A is brighter immediately af-
ter transition from mode B (see Fig. 1), which
is in agreement to the bursting behavior at 327
MHz. However, the 1-min integration time of
subintegrations inevitably leads to mixture of
the bursting of mode A and the weak emission
of mode B. This has prevented us to evaluate
the spectral property of the bursting emission
just after transition. Future simultaneous ob-
servations at broad radio bands will help to un-
derstand this.
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